ABSTRACT. Astrocytes perform neuron-supportive tasks, repair and scarring process in the central nervous system. In this study, we observed glial fibrillary acidic protein (GFAP), a marker for astrocytes, immunoreactivity in the dentate gyrus and hippocampus proper (CA1-3 region) of adult (2-3 years of age) and aged (10-12 years of age) dogs. In the adult group, GFAP immunoreactive astrocytes were distributed in all layers of the dentate gyrus and CA1-3 region, except in the stratum pyramidale of the CA1-3 region. In the aged group, GFAP immunoreactivity decreased markedly in the molecular layer of the dentate gyrus. However, GFAP immunoreactivity in the CA1-3 region increased in all layers, and the cytoplasm of GFAP immunoreactive astrocytes was hypertrophied. GFAP protein levels in the aged dentate gyrus decreased; however, GFAP levels in the CA1-3 region increased. These results suggest that the morphology of astrocytes and GFAP protein levels in the hippocampal dentate gyrus and CA1 region are changed, respectively, with age.
Astrocytes, one of the neuroglia, perform neuron-supportive tasks, including the biochemical support of endothelial cells, which form the blood-brain barrier, the uptake of neurotransmitters from the synaptic cleft, the release of energetic substrates that are essential to sustain high metabolic activities at the synapse, and a principal role in repair and scarring process in the brain [8] . Astrocytes are characterized by the expression of the intermediate filament, glial fibrillary acidic protein (GFAP) within their cytoplasm [4] . A well-known feature of reactive astrocytes increases the production of intermediate filaments, and increases the expression of GFAP [21] .
The hippocampus is a very important brain region to control cognitive functions [6] , and is the brain region most vulnerable to aging processes [17, 18] . In addition, the hippocampus is one of the initial brain regions displaying pathology and neuronal loss in Alzheimer's disease [26] . The dog is widely accepted for aging study, because dogs have the same β-amyloid sequence to human [12] and the extent of β-amyloid has also been linked to cognitive dysfunction in dogs [3, 10] .
Although many studies on age-related changes of astrocytes in the central nervous system in many species are conducted [1, 2, 7, 9, 23, 25, 27] , few reports have demonstrated the GFAP expression in the aged dog brain. In this study, therefore, we investigated age-related changes in GFAP immunoreactivity and its protein levels in the hippocampus to elucidate the correlation between age and change in astrocyte morphology.
MATERIALS AND METHODS

Experimental animals:
The present study used the progeny of German shepherd obtained from the special weapons and tactics (SWAT), South Korea. Male dogs were used at 2-3 years of age for adult group and 10-12 years of age for aged group. These animals did not show any clinical and other signs in neural disorders. The procedures for handling and caring for the animals adhered to the guidelines, which are in compliance with the current international laws and policies (NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985, revised 1996) , and they were approved by the Institutional Animal Care and Use Committee at Hallym's Medical Center. All of the experiments were conducted to minimize the number of animals used and the suffering caused by the procedures used in this study.
Immunohistochemistry: For immunohistochemical analysis, adult and aged dogs (n=5 at each age) were anesthetized with intravenous injection of 0.15 mg/kg ketamine (Yuhan, Seoul, South Korea) and 0.05 mg/kg xylazine (Bayer Animal Health, Suwon, South Korea) and perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphatebuffer (PB, pH 7.4). The tissue processing and immunohistochemical staining was conducted by the methods of our previous study [11] . In brief, tissues were serially sectioned into 30-µm coronal sections, and they were stained with diluted rabbit anti-GFAP antibody (1:1,000, Chemicon, Temecula, CA, U.S.A.) and subsequently exposed to biotinylated goat anti-rabbit IgG (1:200, Vector, Burlingame, CA, U.S.A.) and streptavidin peroxidase complex (1:200, Vector). They were then visualized by staining with 3,3'-diaminobenzidine in 0.1 M Tris-HCl buffer (pH 7.2).
Western blot analysis: To confirm changes in GFAP levels in the hippocampus of adult and aged dogs, 2 animals in each group were sacrificed and used for Western blot analysis. After sacrificing them and removing the brain, the hippocampi were dissected with a surgical blade. The tissues were homogenized in 50 mM PBS (pH 7.4) containing 0.1 mM ethylene glycol bis (2-aminoethyl Ether)-N,N,N',N' tetraacetic acid (pH 8.0), 0.2% Nonidet P-40, 10 mM ethylendiamine tetraacetic acid (EDTA) (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol (DTT). After centrifugation, the protein level was determined in the supernatants using a Micro BCA protein assay kit with bovine serum albumin as the standard (Pierce Chemical, Rockford, IL, U.S.A.). Aliquots containing 50 µg of total protein were boiled in loading buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue and 30% glycerol. The aliquots were then loaded onto a 10% polyacrylamide gel. After electrophoresis, the gels were transferred to nitrocellulose transfer membranes (Pall Crop, East Hills, NY, U.S.A.). To reduce background staining, the membranes were incubated with 5% non-fat dry milk in PBS containing 0.1% Tween 20 for 45 min, followed by incubation with rabbit anti-GFAP antiserum (1:1,000), peroxidase-conjugated goat anti-rabbit IgG (Sigma, St. Louis, MO, U.S.A.) and an ECL kit (Pierce Chemical).
Quantification of data: Thirty sections per animal were selected in order to quantitatively analyze the relative optical density (ROD) of GFAP immunoreactive structures in the hippocampus. The studied tissue sections were selected according to anatomical landmarks corresponding to the Figs. 54 and 55 of the Lim et al. dog brain atlas [14] . The corresponding areas of the hippocampus were measured on the monitor at a magnification of 25-50 ×. Images of all GFAP immunoreactive structures taken from 3 layers (strata oriens, pyramidale and radiatum in the hippocampus proper, and molecular, granule cell and polymorphic layers in the dentate gyrus) were obtained through an AxioM1 light microscope (Carl Zeiss, Göttingen, Germany) equipped with a digital camera (Axiocam, Carl Zeiss, Germany) connected to a PC monitor. Analysis of a region of interest in the hippocampus was performed using an image analysis system.Video images were digitized into an array of 512 × 512 pixels corresponding to a tissue area of 140 × 140 µm (40 × primary magnification). Each pixel resolution was 256 gray levels. The intensity of GFAP immunoreactivity was evaluated by means of an optical density (OD), which was obtained after the transformation of the mean gray level using the formula: OD=log (256/mean gray level). The OD of background was determined in unlabeled portions and the value subtracted for correction, yielding high OD values in the presence of preserved structures and low values after structural loss using NIH Image 1.59 software: A ratio of the relative optical density (ROD) was calibrated as %.
The result of the Western blot analysis was scanned, and the quantification of the Western blotting was done using Scion Image software (Scion Corp., Frederick, MD, U.S.A.), which was used to count ROD: A ratio of the ROD was calibrated as %.
Statistical analysis: The data shown here represent the means ± SEM of experiments performed for each dentate area. Differences among the means were statistically analyzed by two-tailed Student t-test using SPSS program. Statistical significance was considered at P<0.05.
RESULTS
GFAP immunoreactivity in the dentate gyrus:
In the adult group, GFAP immunoreactive astrocytes (GFAP + As) were detected in all layers of the dentate gyrus (Fig. 1A) . Many cell bodies of GFAP + As were distributed in the polymorphic layer. GFAP + As in the dentate gyrus had thin processes and thread-like morphology: Especially, the processes of GFAP + As in the molecular layer were well ramified.
In the aged group, although GFAP + As were detected in all layers of the dentate gyrus, the morphology of astrocytes was different from that in the adult group (Fig. 1B) , and the density of GFAP + As in all layers was significantly lower than that in the adult group ( Fig. 2A) . Many GFAP + As were detected in the subgranular zone in the polymorphic layer and showed hypertrophied cytoplasm. Especially, GFAP + processes in the molecular layer were very low in density compared to those in the adult group (Fig. 2A) .
GFAP immunoreactivity in the CA1-3 region: In the CA1-3 region of the adult group, GFAP + As were detected mainly in the strata oriens and radiatum; however, GFAP + As were rarely detected in and near the stratum pyramidale ( Fig. 1C and 1E ).
In the aged group, GFAP + As were detected in all layer of the CA1-3 region (Fig. 1D and 1F ): The density of GFAP + structures in all layers was significantly increased compared to the adult group (Fig. 2B) . Especially, GFAP immunoreactivity in the CA1-3 regions was significantly increased in the stratum pyramidale compared to that in the adult group (Fig. 2B) . In addition, the cell bodies and processes in the aged group were hypertrophied compared to those in the adult group (Fig. 1D and 1F) .
GFAP levels in the hippocampus: In this study, we found that changes in GFAP levels were somewhat different in the dentate gyrus and CA1 region in adult and aged dogs. GFAP protein levels in the dentate gyrus of aged dogs were lower than that in the adult group. However, GFAP protein levels in the CA1 region of aged dogs were higher than that Fig. 1 . GFAP immunohistochemistry in the dentate gyrus (A and B), CA1 (C and D) and CA3 region (E and F) of adult (A, C and E) and aged (B, D and F) dogs. GFAP + structures in the adult dentate gyrus are abundant in all layers; however, GFAP + structures in the aged dentate gyrus decrease. In the CA1-3 region of the adult group, GFAP + structures are mainly detected in strata oriens and radiatum, however, GFAP immunoreactivity in the aged CA1-3 region is markedly increased in all layers. Note that GFAP + astrocytes in the adult group have fine processes (inset in C), however, in the aged group, GFAP + astrocytes show the hypertrophy of cytoplasm (inset in D). GCL, granule cell layer; MoL, molecular layer, PoL, polymorphic layer; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Bar = 100 µm (A-F), 25 µm (insets in C and D).
in the adult group (Fig. 3) . GFAP proteins in the whole hippocampal homogenates were high in the aged group compared to those in the adult group (Fig. 3) .
DISCUSSION
The increase of GFAP immunoreactivity may be associated with the morphological activation of astrocytes as astrogliosis under pathological condition. The astrogliosis is characterized by the hypertrophy of cellular processes of astrocytes and the up-regulation of GFAP in the CNS ischemia, trauma or neurodegeneration [22] . In addition, GFAP auto-antibodies are prevalent in the cerebrospinal fluids in dogs with various diseases [16, 24] .
In this study, we used normal aged dogs and examined that there were age-related differences in GFAP immunoreactivity and its protein levels in the dentate gyrus and CA1-3 region between adult and aged dogs. The GFAP immunoreactivity and protein levels were decreased in the dentate gyrus and markedly increased in the CA1-3 region in aged dogs, however, GFAP + As in both dentate gyrus and CA1-3 region were hypertrophied.
There are some contradictory reports on the age-related changes of GFAP + As in rodent brains. A few studies reported that the significant age-related changes of astrocytes were not examined in the mouse hippocampus [15, 19] ; however, many studies showed the age-related elevations of GFAP mRNA in the rat hippocampus and striatum [20] , protein levels in the mouse striatum [13, 21] and the number of GFAP + As in various brain regions (i.e., hippocampus, cerebral cortex and striatum) [1, 2, 7, 9, 23, 25, 27] . However, these studies did not demonstrate the changes of GFAP immunoreactivity in the subregions of the dog hippocampus.
In this study, we found that GFAP + structures were markedly decreased in the dentate gyrus in aged dogs. There is no study on decrease in GFAP + structures in the dentate gyrus in aged animals. It has been reported that bouton density was significantly decreased within 200 µm of compact β-amyloid plaques in the outer molecular layer of the dentate gyrus at 15-18 months of age in Tg 2576 mice [5] . Therefore, we suggest that the decrease of GFAP + structures in the aged dentate gyrus may be related to the decrease of synapses.
On the other hand, it has been reported that moderate astrocytic gliosis was observed in the aged dog hippocampus [2, 25] . In addition, electron microscopy demonstrated the increased number of profiles of degenerative neural components in the vicinity of hypertrophic astrocytes in the cerebral cortex of the aged dogs [25] . However, these studies did not demonstrate the changes of GFAP immunoreactivity in the subregions of the dog hippocampus: They studied on the overall changes of GFAP + As in the whole dog hippocampus. In conclusion, our present study shows that, in the aged dog, GFAP immunoreactivity is markedly increased in the CA1-3 regions, but slightly decreased in the dentate gyrus. The regional differences in GFAP + As may be associated with neuronal vulnerability in these subregions.
